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Introduction
Sustainable agriculture is a practice that over the long term enhances environmental quality and the resource base on which agriculture depends, provides for basic human food and fiber needs, is economically viable , and improves the quality of life for farmers and society (White et al. , 1994) . Crop rotation is a universal management practice that has been recognized and exploited for centuries and is a proven process that increases crop yields. Many reports involving tillage type , N fertilizer rate, and inclusion of a legume show yield benefit of 4 to 22% for rotated corn over continuous corn (Raimbault and Vyn, 1991; Peterson and Varvel , 1989b; Katsvairo and Cox, 2000a; b) . The key benefits of including a forage or pasture crop consist of increasing soil N levels increase carbon retention in the surface horizon and a more even distribution of labor needs and risk due to climate or market conditions than those involving only grain or fiber crops (Peterson and Varvel, 1989a; Raimbault and Vyn, 199; Magdoff and vanEs , 2000) . Extended rotations involving forage crops may be more sustainable than current short-term agricultural practices (Randall, 2003) .
In the Midwestern U.S. , a biennial rotation of corn (Zea mays L.) and soybean [Glycine max (L) Merr.] produces significant increases in the yields of both crops. Despite these benefits, the infrastructure developed and devoted to corn and soybean has resulted in a 500% increase in harvested area and 800% increase in soybean production between 1950 and 2003 (USDA-NASS, 2006 . The dominant agricultural land use throughout the northern Com-Soybean Belt became a 2-yr corn and soybean rotation during the last half of the 20th century During that same period, oat production declined 90% , and although hay production increased because of better yields, the land area devoted to it decreased more than 15 % (Karlen et al., 2 006) . This occurred for several reasons including simplicity and similar equipment requirements as farm size increased, commodity programs that emphasized short-term profit, public and private research and development efforts devoted to genetic improvement of corn and soybean, and increased food and industrial uses for both corn and soybean oils and various by-products (Karlen, 2004) . It also coincided with major changes in the livestock industry that decreased demand for oat and alfalfa .
The mechanism for the rotation effect is unknown. One hypothesis is that one factor causes the effect. Another hypothesis is that multiple factors cause the effect and risk of expression depends upon the environment. Research evidence began mounting in the 1970' s, which indicated that in spite of all the management inputs a farmer might impose, there was still a yield advantage to be obtained from rotations. The objective of this paper is: 1) to describe the principles of rotation, and 2) to determine the long-term effect of crop rotation and applied N on first phase corn grain yield in com-soybean rotations and selected extended rotations.
Materials and methods

Arlington experiment
A long-term crop rotation study located in south central Wisconsin at the University of Wisconsin Agricultural Research Station near Arlington, WI ( 4 3°18' N, 89°20' W) on a Plano silt loam soil (fine-silty, mixed, mesic, Typic Argiudoll) was originally established to evaluate crop rotation, tillage and management effects on crop yield. The experimental design is a randomized complete block in a split-split plot arrangement with four replications. Main plots are conventional tillage and no-tillage systems that were established in 1986. Conventional tillage is accomplished by a chisel plow in the fall and two passes of field cultivation in the spring before planting. For no-tillage, crops are planted directly into the undisturbed residue of the previous crop. The subplots consisted of 14 rotation sequences involving corn and soybean, which had been established in 1983 on land previously planted to corn ( Table 1 ). The sequences allowed comparisons to be made of (i) first-year corn and soybean (after a minimum of five consecutive years of the other crop); (ii) corn and soybean alternated annually with the other crop; and (iii) second, third, fourth, and fifth or more years of continuous corn and soybean (Table 1 ). The split-split-plots have been various management treatments over time. Plot size of the sub-subplot experimental units was 3.0 by 9.4 m. A long-term crop rotation study located in southwestern Wisconsin at the University of Wisconsin Agricultural Research Station near Lancaster, WI ( 4 2°51' N, 90°4 3' W)] was originally established to evaluate crop rotation and N fertilization rate effects on crop yield and soil N mineralization, retention, and availability Bundy, 1994, 1995) . The study was located on Rozetta (fine-silty, mixed , superactive , mesic Typic Hapludalfs) soil, which consists of very deep well-drained soils formed in loess on uplands (USDA-SCS , 1961 To accommodate all possible phases of the rotations and four fertilizer treatments , 168 plots (6 .1 by 9.1 m) were established in 1966 in a randomized complete block in a split-plot design with two replications of 21 treatments to test the rotation effect by having each phase of every rotation represented each year. Thus, for continuous corn (CC) , there were one plot within each statistical block, and for corn-soybean ( CS) there was one corn plot and one soybean plot within each block. The crop sequence plots were split to accommodate four N rate treatments. From 196 7 to 1976, N rates were 0 , 75 , 150, and 300 lb N/A, but since 1977, the annual rates have been 0, 50 , 100, and 200 lb N/A for corn only (Table 2) . N fertilizer treatments were applied in spring as ammonium nitrate (NH 4 NOJ Rotation treatments have changed over time (Table 1 ) . Tillage has varied over time . The Lancaster cropping systems study is comprised of multiple crop rotations that take varying amounts of time to complete a rotation sequence. For example, CC takes l yr , CS takes 2 years , and CSCOaA takes 5 yr s (Table 2) . However, the traditional analysis using years can be expanded to analyze both spatial and temporal trends based on the average yields produced in the period it took to accomplish the cycle. By doing this , we can see how the rotations preformed when they returned to the same piece of ground allowing data analysis across both time and space. Hence, we analyzed the data in groups of either 2-or 5-yr s depending on the length of the rotation cycle using CC as our control.
Results and discussion
Arlington experiments-The principle of crop rotation
The rotation effect lasts two years increasing corn grain yield 10 to 19% for 1C following five years of soybean and 0 to 7% for 2C (Figure l) . The rotation effect lasts two years increasing soybean grain yield 10 to 20% for 1S following five years of corn production and 8% for 2S (Figure 2 ). 
Lancaster experiments -The sustainability of crop rotations
Regression slopes of each phase of corn within each rotation sequence were evaluated to determine the long-term effects of various crop rotations and different N fertilization rates on grain yield. We compared each regression slope to zero to determine if over time the rotation treatments were improving or deteriorating, and to each other to determine if the relative slopes of each treatment are converging or diverging (Figure 3 ).
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Improving Control Time Figure. 3. How can you tell if a cropping system is changing? Theoretical chang es over time in cropping systems relative to the control cropping system.
5-yr rotations-First corn phase (1970-2004)
Corn grain yields increased from 1.1 to 1.6 bu /A yr with increasing N rates (0 and 200 lb N/A, respectively) for corn that was rotated (Table 3) . Relative yield trends for continuous corn did not improve over time no matter the N rate. Thus, there was no yield gain with adopting improved hybrids during the 35-yr of this study This suggests two things, either hybrids have not improved since 1970, or that improved hybrids have kept continuous corn yield trends from declining over time. Currently, with the rapid turnover of hybrids there is no way to answer this question.
Rotating corn significantly improved corn grain yield over time for the first phase of corn when compared to CC (Table 3) There was no difference in slope for the first phase of corn when comparing the 2, 3, and 4-crop rotation sequences at each N rate (Table 3) . These results suggest as long as the previous crop is not corn, each rotation sequence in this study is equally effective in breaking the yield depression caused by monoculture. 2-yr rotations (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) 200 t 1.6** 1.6*** 1.6*** Through 16 years (eight 2-yr cycles) CC grain yield at all N-rate levels was not affected over time and thus did not improve or deteriorate (Table 4) . Corn grain yield in the CS rotation at 0 lb N/A decreased by 3 bu/A yr. A similar trend was found for theCA rotation. Rotating corn with a legume improves corn grain yield over time only when additional N is added to the system. (Table 5) . Since 1990, in the 0 lb N/A treatment, grain yields have actually declined by 2.5 and 2.8 bu/A yr for the CA and CS rotations, respectively. For the 50 lb N/A treatment, the CS rotation decrease grain yields over time by 2.5 and 2.7 bu/A yr when compared to the CCCAA and CCOaAA rotations, respectively (Table 6 ). For the 100 lb N/A treatment, the CC rotation decrease grain yields over time by 2.5 bu/A yr when compared to the CCCAA rotation. Since 1990 in the 200 lb N/A treatment, the CC rotation decreased grain yields over time by 2.6 and 2.5 bu/A yr when compared to the CCCAA and CSCOaA rotations, respectively. Based on these results, time (2+ yr ) along with rotation were required between corn crops to improve corn grain yields. We agree with Randall (2003) and Karlen et al. (2006) that extended rotations involving forage crops may be more sustainable than current short -term agricultural practices. However, according to Karlen et al. (2006) without the support of federal incentive programs such as the Conservation Security Program or other public and private research and development efforts, markets and uses for forage-based products developed to promote economic and environmental sustainability, farmers will hesitate to adopt more sustainable practices.
Conclusions
This data shows a long-term corn grain yield advantage of extended rotations when compared to 2-yr rotations and continuous corn. Nitrogen plays a major role in maintaining and improving corn grain yields in the absence of crop rotation. The addition of N removed the corn grain yield trend differences between CC and the first phase of corn in 5-yr rotations.
Alfalfa in an extended crop rotations supplied most of theN required by the first phase of corn and yield improved over time. For the second phase of corn a lower but still substantial amount of the total N requirement was supplied frol;ll the previous alfalfa crop, however, additional N was needed in order to improve corn grain yields over time.
An application of 200 lb N/A was needed for continuous corn grain yield improvement over time. The net effect of legumes in improving corn grain yield trends of subsequent corn was not evident for corn that was annually rotated (CA and CS). If noN is added, CA and CS appeared to depress corn grain yields with time. A single legume crop yr was only beneficial in maintaining corn yields over time if nitrogen was added to the system. When all rotations were compared (1990 to 2004), corn grain yields trends of 5-yr crop rotations were significantly better where no N was added and additional N was required for the 2-yr rotations to eliminate this difference.
These results support the argument that extended rotations involving forage crops may be more sustainable than current short-term agricultural practices, because time (2+ yr) along with rotation and nitrogen were required to improve corn grain yields. However, without proper incentives like the Conservation Security Program, farmers may hesitate to adopt more sustainable practices.
Some other considerations when making rotation decisions include:
• If there is only a one-year break in the rotation then the second corn phase is equivalent to continuous corn. At least two break years are needed to measure a response in the second corn phase (compared to CC).
• Adding a third crop like wheat (Triticum aestivum L.) does not increase corn grain yield, but does improve soybean grain yield.
• Modern corn hybrids and management practices have the same rotation response as older hybrids and practices.
Although scientists cannot yet satisfactorily explain the rotation effect, farmers can exploit it every year. The age-old practice of rotating crops, which was once considered unnecessary and perceived to be overcome with modern hybrids, has returned to today's agriculture with proven benefits.
